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We measured the kinetics of recombination of 11-cis-retinal with opsin in intact frog rod outer segment (ROS). The rhodopsin in
ROS was bleached and allowed to decay to ‘‘indicator yellow,’’ a photoproduct where all-trans-retinal is partly free, and partly
bound to non-speciﬁc amino groups of disk membranes. By brieﬂy illuminating the ‘‘indicator yellow’’ by an intense 465 or 380-
nm ﬂash, we then photoconverted all-trans-retinal to (mostly) the 11-cis- form thus introducing into ROS a certain amount of
cis-chromophore. The recombination of cis-retinal with opsin and the formation of rhodopsin were followed by fast single-cell
microspectrophotometry. Regeneration proceeded with a time constant of 3.5 min; up to 27% of bleached visual pigment was
restored. The regenerated pigment consisted of 91% rhodopsin (11-cis-chromophore) and 9% of presumably isorhodopsin (9-cis-
chromophore). The recombination of 11-cis-retinal with opsin inside the ROS proceeds substantially faster than rhodopsin regen-
eration in the intact eye and, hence, is not the rate-limiting step in the visual cycle.
 2005 Elsevier Ltd. All rights reserved.
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Absorption of a photon by a molecule of visual pig-
ment within a retinal rod or cone outer segment leads
to a rapid isomerization of its chromophore, 11-cis-reti-
nal, to its all-trans- form that initiates a series of confor-
mational changes in the protein moiety of rhodopsin.
These changes eventually result in the formation of the
catalytically active form, metarhodopsin II (meta II)
that initiates a biochemical cascade of reactions termed
phototransduction. Further slow photolysis reactions
lead to a separation of all-trans-retinal from metharho-
dopsins I/II/III and its reduction to all-trans-retinol that
is transported to the retinal pigment epithelium (RPE).
In the RPE, all-trans-retinol is subjected to a multi-step0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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cis-retinal is transferred back to photoreceptor outer
segments where it recombines with opsin, thus restoring
‘‘dark’’ visual pigment. Together, the reactions of the
visual cycle constitute the mechanism of dark adapta-
tion whereby photoreceptors regenerate their visual pig-
ment and restore their sensitivity after bright
illumination (for recent reviews see Kuksa, Imanishi,
Batten, Palczewski, & Moise, 2003; Lamb & Pugh,
2004; McBee, Palczewski, Baehr, & Pepperberg, 2001;
Thompson & Gal, 2003).
Disorders at diﬀerent steps of the visual cycle are im-
plied in the genesis of many retinal diseases such as Star-
gardt disease, some forms of retinitis pigmentosa,
stationary night blindness (fundus albipunctatus) and
various forms of age-related macular degeneration (re-
views: Baehr, Wu, Bird, & Palczewski, 2003; Kuksa
et al., 2003; Lamb & Pugh, 2004; Thompson & Gal,
2003). However, it is still unknown what step(s) of the
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rhodopsin regeneration in vivo, either in normal or in
pathological conditions. Thus, a knowledge of the prin-
cipal reactions of the visual cycle in vivo is crucial for
understanding the mechanisms of dark adaptation that
operate under normal as well as disease-related
conditions.
One of the principal steps in rhodopsin regeneration
is the recombination of opsin with 11-cis-retinal deliv-
ered from the RPE. This key reaction has long been a
subject of study in a variety of species. Most of the
experiments have been conducted in vitro, using deter-
gent extracts of visual pigment or suspensions of photo-
receptor membranes exposed to cis-retinoids. Results of
these studies have been diﬃcult to interpret in terms of
physiologically relevant processes since the rate of
recombination, and even its very presence appeared to
critically depend on experimental conditions. For in-
stance, eﬀective rhodopsin regeneration can be observed
in some detergent solutions, such as digitonin (Wald &
Brown, 1956), Tween-80 (Zorn & Futterman, 1973), oc-
tyl(decyl) glucoside (Stubbs, Smith, & Altman, 1976),
CHAPS (Kropf, 1982), and sodium cholate (Henselman
& Cusanovich, 1974). On the other hand, only a minor
regeneration can be seen in solutions containing Emul-
phogene BC-720 (Stubbs et al., 1976), and it is complete-
ly absent in solutions containing Triton X-100 (Johnson
& Williams, 1970) or cetyltrimethylammonium bromide
(CTAB) (Snodderly, 1967), among a number of others.
This question has not been resolved by observing regen-
eration rates in native photoreceptor membranes.
Grossly diﬀerent rates of pigment regeneration have
been observed in isolated rod outer segments and photo-
receptor membranes (De Grip, Daemen, & Bonting,
1972; Futterman & Rollins, 1973; Henselman &
Cusanovich, 1976). Finally, there are studies in which
11-cis-retinal and its isomers have been introduced into
intact photoreceptors by means of liposomes, carrier
proteins like BSA or IRBP, or in ethanolic solutions
(Corson, Kefalov, Cornwall, & Crouch, 2000; Crouch,
Kefalov, Gartner, & Cornwall, 2002; Jones, Crouch,
Wiggert, Cornwall, & Chader, 1989; Makino et al.,
1990; Parry & Bowmaker, 2000). In these cases, it is
impossible to tell whether the rate of chromophore
delivery to the cell or the rate of recombination of opsin
with chromophore determines the rate of pigment
regeneration.
Here, we report the results of experiments that were
designed to measure the kinetics of regeneration of the
visual pigment in intact cells, but which avoid the com-
plications that result from delivery of retinoid by exog-
enous means. In these experiments, bleached rods were
‘‘injected’’ with a bolus of 11-cis-retinal by photoisomer-
ization from an endogenous pool of all-trans-retinal
contained in a photoproduct of bleaching. This photo-
product, ‘‘indicator yellow,’’ is a poorly deﬁned long-lived product of rhodopsin bleaching that is accumulat-
ed in a substantial amount under conditions where the
conversion of all-trans-retinal to retinol is blocked (for
instance, in isolated rod outer segments, see Kolesnikov,
Golobokova, & Govardovskii, 2003). All-trans-retinal
in ‘‘indicator yellow’’ is partly free, and partly
attached to various non-speciﬁc binding sites in the disk
membranes of rod outer segments by Schiﬀ base linkag-
es with NH2-groups of opsin and phosphatidylethanol-
amine (Van Breugel, Bovee-Geurts, Bonting, &
Daemen, 1979).
By brieﬂy illuminating ‘‘indicator yellow’’ with blue
or UV-light, we were able to instantaneously ‘‘inject’’
into structurally intact frog rod outer segments (ROSs)
a certain amount of 11-cis-retinal. This 11-cis-retinal
subsequently recombined with opsin to form visual pig-
ment. The time-course of the pigment regeneration was
followed in single ROSs by the use of a fast-scanning
dichroic microspectrophotometer. The properties of this
regenerated photopigment, its orientation in the mem-
brane, and its photolysis products are identical to native
rhodopsin (save a 1.4-nm shift of absorbance spectrum
towards shorter wavelength) as measured in dark-adapt-
ed cells prior to bleaching. The half-time of recombina-
tion of the photoisomerized chromophore with opsin in
intact ROS is 2.5 min; this is almost an order of mag-
nitude faster than is the case of ‘‘natural’’ RPE-assisted
regeneration in the eye cup preparation (14 min, as
determined earlier by Reuter, 1964). This means that
the recombination of the 11-cis-retinal with opsin in
ROS is not the limiting step in rhodopsin regeneration.2. Experimental procedure
All measurements were performed on ‘‘red’’ (rhodop-
sin) rod outer segments of grass frogs, Rana temporaria,
as described earlier (Kolesnikov et al., 2003). Animals
were treated in accordance with the CIOMS principles
for biomedical research involving animals (1985). Prior
to the experiment, animals were dark-adapted overnight
at room temperature. Frogs were decapitated and dou-
ble-pithed, and the eyes were removed under dim red
light. Standard physiological saline used for retina isola-
tion and storage contained (in mM): NaCl, 110; KCl,
2.5; CaCl2, 1; MgSO4, 1; NaHCO3, 5; and glucose, 10.
The solution was buﬀered to pH 7.5 with 10 mM Na-
Hepes. Photoregeneration experiments were carried
out in the same solution but Na-Hepes was substituted
by 10 mM Na-phosphate buﬀer and the pH was adjust-
ed to 6.0. To test the stability of the photoregenerated
rhodopsin to hydroxylamine, cells were treated with a
solution in which 20 mM NaCl was replaced by
20 mM NH2OH and the pH was adjusted to 6.0. Unless
otherwise stated, the protonophore CCCP (carbonyl
cyanide m-chlorophenylhydrazone, Sigma) was added
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0.5 lM to facilitate pH-equilibration between the ROS
and the bathing solution. All measurements were done
at a temperature between 19 and 21 C.
For studying the process of rhodopsin photoregener-
ation from P440 in structurally intact but metabolically
inactive ROSs, ‘‘sealed’’ MSP samples were prepared as
described previously (Kolesnikov et al., 2003). Pieces of
the retina were pre-incubated in the CCCP-containing
solution for 5 min, transferred into a fresh drop of the
solution on a coverslip and shaken to detach ROSs.
Then the sample was covered with another coverslip
and sealed at the edges by Vaseline. In experiments in
which the stability of photoregenerated rhodopsin was
tested in presence of NH2OH, a perfusion chamber
was used (Firsov, Donner, & Govardovskii, 2002; Kol-
esnikov et al., 2003). The inlet of this chamber was at-
tached by a manifold to two syringes; one was ﬁlled
with normal Ringer and the other was ﬁlled with Ringer
containing NH2OH (no CCCP was added in this case).
In this way, normal solution could be replaced by
NH2OH-containing solution in a few seconds.
The design of the dichroic fast-scanning microspec-
trophotometer (MSP), the recording methods, and pro-
cedures for data analysis have been described earlier
(Govardovskii & Zueva, 2000; Kolesnikov et al.,
2003). The instrument allows the recording of a com-
plete visual pigment absorbance spectrum with a time
resolution of 1 s between 350 and 750 nm at two direc-
tions of polarization of the measuring beam (transverse
with respect to the long axis of the ROS, T, or parallel to
it, L). This allows the discrimination of photoproducts
with similar absorbance spectra that diﬀer with respect
to the orientation of their chromophore in the photore-
ceptor membrane. The intensity of the measuring beam
was adjusted to a level that resulted in a low bleach of
the visual pigment (0.2% per spectral scan), but still al-
lowed the recording of spectra with a suﬃciently high
signal-to-noise ratio.
To produce ‘‘indicator yellow,’’ ROSs were ﬁrst
bleached for 5–10 s by light from a tungsten lamp passed
through a band-pass ﬁlter centered at 530-nm (50-nm
half-height bandwidth), and a series of post-bleach spec-
tra was recorded until a ﬁnal steady state was achieved
(typically up to 30 min). To photoisomerize all-trans-ret-
inal in ‘‘indicator yellow’’ to 11-cis-retinal, the cell was
then exposed to a second 2-s ﬂash from one of two dif-
ferent high-intensity light-emitting diodes, one emitting
380-nm light (DigiKey, Thief River Falls, MN) and
the second emitting 465-nm light (Marl International,
Ulverston, Cumbria, UK). These diodes were used to
photoisomerize all-trans-retinal to 11-cis-retinal from
either the deprotonated UV-absorbing form(s) of Schiﬀ
bases (with possible addition of some free all-trans-reti-
nal) or the protonated form(s) (P440), respectively. The
kinetics of the subsequent regeneration of the visualpigment was followed for up to 30 min after the ‘‘regen-
erating’’exposure. ROSs containing the newly regenerat-
ed pigment were then exposed to light passed through
530 nm band-pass or 580 nm long-pass ﬁlter to produce
an exhaustive bleach. Other details of the protocol are
given at appropriate places in Section 3.3. Results
3.1. Regeneration of visual pigment following
photoactivation of P440
3.1.1. Spectral changes during photoregeneration
The basic experimental protocol was initiated by
exposing isolated outer segments suspended in a Ringer
solution at pH 6.0 to an intense green light, resulting in a
virtually complete bleach of the rhodopsin. Green light
at 530 nm was selected because at this wavelength
the rhodopsin/metarhodopsin I absorbance ratio is close
to its maximum (Kolesnikov et al., 2003). This bleaching
light, together with acidic pH, minimized the amount of
rhodopsin photoregenerated from meta I to 3–4%. The
preparation was then left for 30 min in darkness to allow
for the complete decay of metarhodopsins and forma-
tion of ‘‘indicator yellow.’’ In isolated ROSs at pH 6.0
where the enzymatic reduction of all-trans-retinal to
all-trans-retinol is absent, ‘‘indicator yellow’’ accumu-
lates in an amount almost equivalent to that of the
bleached pigment, and the P440 form comprises approx-
imately half of the total amount (Kolesnikov et al.,
2003). Curve 0 in Fig. 1A shows the absorbance spec-
trum of the ﬁnal product recorded in this condition at
T-polarization of the measuring beam. Corresponding
L-spectrum (curve 0 in Fig. 1C) has a higher magnitude
demonstrating that the chromophore groups in ‘‘indica-
tor yellow’’ are orientated preferentially across the mem-
brane plane.
Upon reaching a steady state after the ﬁrst bleach,
a bright 465-nm ﬂash was applied in order to generate
a bolus of 11-cis-retinal within the outer segment. A
series of post-bleach spectra was then recorded to fol-
low the formation of regenerated visual pigment. The
2-s 465-nm ﬂash was suﬃcient to reach a photoequi-
librium state. The irradiation immediately caused a
partial photoconversion of all-trans-retinal to 11-cis-
retinal (and possibly other cis-isomers as well). Since
these cis-isomers have lower molar extinction coeﬃ-
cient(s) than all-trans-isomer (Hubbard, 1956), this
leads to a decrease in absorbance (curves 1 in Figs.
1A, C, and diﬀerence spectra 1–0 in panels B and
D). Spectra measured subsequently show that the
absorbance at 500 nm begins to rise, demonstrating
that the 11-cis- (9-cis-) retinal starts binding to the na-
tive binding site on opsin molecules and regenerates
dark rhodopsin/isorhodopsin (curves 2, 3, and 4,
Fig. 1. Photoregeneration of visual pigment from P440 by 465-nm light. (A) Series of post-bleach spectra recorded at T-polarization of the measuring
beam. Heavy line 0 shows the spectrum of ‘‘indicator yellow’’ formed by 30 min after a 97% bleach of rhodopsin by green light in Ringer solution at
pH 6.0. Curve 1, immediately after applying a 465-nm isomerizing ﬂash to ‘‘indicator yellow’’; curves labeled 2, 3, and 4 were measured at 100, 300 s,
and 30 min later. Recordings made at 10, 20, 30, 200, and 900 s after the photoisomerizing ﬂash are omitted from the plot for clarity. (B) Diﬀerence
spectra between corresponding curves in A showing the immediate loss of a 475-nm absorbing product (1–0) and subsequent regeneration of
rhodopsin (positive peak at 500 nm). (C) Absolute spectra recorded at L-polarization. Line 0 is the counterpart of the corresponding curve in A.
Curves 1, 2, and 3 were measured immediately after exposing the cell to a subsequent 465 nm isomerizing ﬂash, 100 s later, and 30 min later.
Recordings made at 10, 30, 200, 300, and 900 s after photoisomerization are omitted. (D) Diﬀerence spectra between corresponding curves in (C)
showing the loss of products absorbing maximally at 400–425 nm. Curves 3 in C and 3–1 in D are drawn bold to more clearly show the ﬁnal spectra.
Average of 10 ROSs.
Fig. 2. Time course of pigment regeneration expressed as a fraction of
bleached rhodopsin. Solid circles, 465 nm isomerization, average of 10
ROSs ± 95% conﬁdence limits. Smooth solid curve, least-square
single-exponential ﬁt to the data, time constant 204 s (SEM, 18 s).
Open circles, 380 nm isomerization (see below). Average of 9
ROSs ± 95% conﬁdence limits. Smooth dashed curve, least-square
single-exponential ﬁt to the data, time constant 241 s (SEM, 15 s).
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various time intervals are shown in Fig. 1B. The rise
of the absorbance peak at 500 nm corresponding to
rhodopsin (isorhodopsin) regeneration is accompanied
by a loss of absorbance at 380 nm. The dichroic ratio
(deﬁned as the ratio of T to L absorbance at kmax) of
the pigment regenerated following P440 illumination is
identical to that of the original dark rhodopsin (4.3–
4.8) (data not shown). The regenerated pigment is also
stable in the presence of 20 mM hydroxylamine, a
property characteristic of native rhodopsin (data not
shown).
3.1.2. Time course of regeneration
The time course of rhodopsin regeneration after 465-
nm isomerization is shown in Fig. 2 with ﬁlled circles.
The experimental data can be ﬁtted satisfactorily with
a single-exponential curve having a time constant of
204 ± 18 s (mean ± SEM of 10 ROSs) at 20 C. No sig-
niﬁcant diﬀerence in kinetics was found in control exper-
iments when CCCP was omitted from the solution (time
constant 212 ± 21 s, average of 4 ROSs). The totalamount of the photoregenerated pigment reached up
to 27% of the amount of bleached rhodopsin (average,
25 ± 1%).
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When the ﬁnal 1800-s post-bleach spectrum had been
recorded, the outer segment was exposed to a bright
530-nm light for 5 s to bleach the newly regenerated pig-
ment. Fig. 3 compares the normalized diﬀerence spec-
trum of the regenerated pigment to that of dark
rhodopsin (curves 2 and 1, respectively). It is obvious
that the regenerated pigment is slightly blue-shifted with
respect to original rhodopsin. Best-ﬁtting rhodopsin
templates for the two curves diﬀer in their kmax by
1.4 nm. Consistent with this, the diﬀerence between the
two spectra is clearly biphasic (thin noisy curve 3) and
also indicates a 1.4-nm blue shift of the absorbance
spectrum of regenerated pigment with respect to original
rhodopsin. This shift can be accounted for by a 9%
admixture of isorhodopsin (pigment with 9-cis-chromo-
phore). The absorbance maximum of isorhodopsin is
blue-shifted by 15 nm with respect to 11-cis-rhodop-
sin, and its molar extinction coeﬃcient is 5–6% higher
(Crouch, Purvin, Nakanishi, & Ebrey, 1975; Hubbard,
Brown, & Bownds, 1971). We made no attempt to more
precisely characterize the chromophore composition of
the photoregenerated pigment, so the presence of other
cis-isomers (e.g., 7-cis, 7,9-dicis or 9,13-dicis) cannot be
excluded, however.
When the photoregenerated pigment is bleached, it
exhibits a complete series of photointermediates (meta
I, II, and III) characteristic of native rhodopsin (data
not shown). The spectra of the ﬁnal bleaching productsFig. 3. Spectral characteristics of regenerated pigment. Bold curve 1 is
the diﬀerence spectrum obtained by subtracting from the original
‘‘dark’’ rhodopsin spectrum the spectrum recorded immediately after
bleaching. Curve 2, the diﬀerence spectrum produced by ﬁnal bleach of
the regenerated photopigment mixture. Both curves are normalized to
unity; the relative absorbance scale is shown on the left ordinate. The
noisy curve 3 is the diﬀerence between 1 and 2; its absorbance scale is
shown on the right ordinate. The biphasic character of this curve
indicates an approximate 1.4-nm blue shift of the photoregenerated
pigment with respect to original rhodopsin. This diﬀerence can be
accounted for by a mixture of 9% 9-cis-pigment (isorhodopsin) and
91% 11-cis-pigment (rhodopsin). The heavy smooth line 4 shows the
corresponding diﬀerence of the template spectra. Average of 10 ROSs.formed either after initial bleaching of ‘‘dark’’ rhodop-
sin or after the cycle of photoregeneration and bleach-
ing, are identical (see below). The cycle of bleaching
and photoregeneration could be repeated on the same
ROS several times, resulting in the same amount of
regenerated rhodopsin.
3.1.4. Composition of the ﬁnal photoregenerated mixture
Spectra of the ﬁnal mixture present at 1800 s after the
photoconversion exposure, measured at T and L polar-
izations, are shown in Figs. 4A and B, respectively (thin
noisy lines). They consist of three components: rhodop-
sin (with 9% admixture of isorhodopsin, see above)
regenerated by that moment and comprising 25% of
dark pigment (curves 1), 62% of ‘‘indicator yellow’’ pro-
duced by the ﬁrst bleach (curves 2 that represent corre-
spondingly scaled and smoothed curves 0 from Figs. 1A
and C), and 10% of retinol (curves 3 in both panels; the
retinol spectrum is taken from Kropf, 1972). Summed
together, the three components account for 97% of
original rhodopsin and provide a good approximation
of the 1800-s post-bleach spectra both at T- and
L-polarization (smooth bold curves in Fig. 4).Fig. 4. Decomposition of the ﬁnal bleaching/photoregeneration spec-
tra into components. (A) Spectra recorded at T-polarization. (B)
Spectra recorded at L-polarization. Curve 1 in both panels shows the
spectrum of photoregenerated visual pigment, with dichroic ratio
(T/L) corresponding to dark rhodopsin. Its magnitude corresponds to
the amount of rhodopsin determined from the ﬁnal bleach. Curves 2
are scaled down to 62% T- and L-spectra of ‘‘indicator yellow’’ based
on the absorbances recorded at 30 min after the ﬁrst bleach (curves 0 in
Figs. 1A and C). Curve 3, retinol. Average of 10 ROSs.
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illumination
3.2.1. Spectral changes during photoregeneration
The experimental protocol was similar to that illus-
trated in Fig. 1, and started with an almost complete
bleach of rhodopsin by green illumination at pH 6.0.
This was followed by a 30-min period in darkness during
which complete decay of metarhodopsins occurred, fol-
lowed by the formation of ‘‘indicator yellow.’’ Curve 0
in Fig. 5A shows the absorbance spectrum of the ﬁnal
product recorded in this condition at T-polarization of
the measuring beam. It is similar to the corresponding
spectrum in the previous series of experiments (curve 0
in Fig. 1A).
The 380-nm ﬂash immediately caused a partial
photoconversion of free all-trans-retinal and its non-
protonated Schiﬀ bases to 11-cis-retinal (and possibly
other isomers as well), as evidenced by a decrease in
absorbance at 380–400 nm (Fig. 5, curves 1 in the
panels A, C and diﬀerence spectrum 1–0 in panel
B). The T diﬀerence spectrum (curve 1–0 in panel B)
demonstrates, in addition, some absorbance rise atFig. 5. Photoregeneration of visual pigment from retinal and its non-proton
bleach spectra recorded at T-polarization of the measuring beam. Heavy line
period following complete bleach of rhodopsin by green light. Curve 1, immed
5 were measured 10, 100, 300 s, and 30 min after the ﬂash. Recordings at 3
Diﬀerence spectra between corresponding curves in A. These curves show
absorbance at 500 nm, demonstrating pigment regeneration. (C) Absolute
corresponding curve in A. Curve 1, immediately after applying a 380-nm isom
20, 30, 200, and 900 s after photoisomerization are omitted. (D) Diﬀeren
maximum absorbance loss from 400 to 440–450 nm. Average of 9 ROSs.475 nm that is clearly not due to rhodopsin or extra
meta III formation, since after 10 s the absorbance
gain is replaced by an absorbance loss (curve 2–1),
showing quick decay of the 475-nm absorbing prod-
uct. The putative nature of this transient substance
will be discussed in the next section. Further, subse-
quent measurements show an increase in T-absorbance
in the range about 500 nm, demonstrating binding of
cis-retinals to the native site on the opsin molecule
and the regeneration of dark rhodopsin and some iso-
rhodopsin (curves 2–5 in Fig. 5A.). In contrast to the
situation with 465 nm photoisomerization, the rise of
the absorbance peak at 500 nm corresponding to rho-
dopsin regeneration is not accompanied by further
loss of absorbance at 380 nm when measured with
T-polarized light. L-spectra, however, demonstrate
the loss of short-wave absorbance whose maximum
in the course of regeneration shifts from 400 to
450 nm (panels C and D).
3.2.2. Time course of regeneration
The kinetics of rhodopsin regeneration after 380 nm
photoisomerization (time constant 241 ± 15 s at 20 C,ated Schiﬀ bases following exposure to 380 nm light. A, series of post-
0 shows the spectrum of ‘‘indicator yellow’’ formed during the 30-min
iately after exposure to a 380-nm isomerizing ﬂash. Curves 2, 3, 4, and
0, 200, and 900 s after photoisomerization are omitted for clarity. (B)
decreases in absorbance at 380 nm and concomitant increases in
spectra recorded at L-polarization. Curve 0 is the counterpart of the
erizing ﬂash; 2, at 100 s later; and 3, at 30 min later. Recordings at 10,
ces between corresponding curves in C showing progressive shift of
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(p = 0.15) from that observed after 465 nm illumina-
tion (Fig. 2, open circles and dashed line). The dichro-
ic ratio of the pigment photoregenerated with 380 nm
light is equivalent to that of original dark rhodopsin
(4.3–4.8) (as seen from T- and L-spectra, data not
shown). The composition of photoregenerated pigment
was also estimated as a 91/9% rhodopsin/isorhodopsin
mixture (data not shown). However, the total amount
of the photoregenerated pigment in this case was
slightly lower than that observed after 465 nm ﬂash
(22 ± 1 vs. 25 ± 1%).
The composition of the ﬁnal mixture photoregenerat-
ed from ‘‘indicator yellow’’ by 380-nm illumination was
virtually identical to that formed after 465 nm ﬂash
(data not shown).4. Discussion
4.1. Composition of ‘‘indicator yellow’’
Earlier, the term ‘‘indicator yellow’’ was used to
designate the compound(s) that accumulated in sub-
stantial amount when the conversion of all-trans-reti-
nal to retinol is blocked (for review of early results
see Dartnall (1957) and Kropf (1972)). In this condi-
tion, the decay of metarhodopsins in ROSs ﬁnally
leads to the appearance of a complex mixture of prod-
ucts representing free all-trans-retinal and various ret-
inal Schiﬀ bases with non-speciﬁc amino groups on
opsin and phosphatidylethanolamine molecules of disk
membrane (Van Breugel et al., 1979). Since all-trans-
retinal can form both protonated (yellow) and non-
protonated (colorless) types of the Schiﬀ bases that
are in pH-dependent equilibrium with each other
(hence the term ‘‘indicator yellow’’), it seems useful
to distinguish them. Therefore, protonated Schiﬀ bases
of all-trans-retinal preferentially accumulating at acidic
pH and absorbing maximally at 440 nm in amphibian
ROSs were recently termed P440 (Kolesnikov et al.,
2003). The unprotonated form(s) of these Schiﬀ bases
that absorbs maximally near 365–380 nm have no spe-
ciﬁc designation because they cannot be reliably dis-
tinguished from free all-trans-retinal whose
absorption spectrum (kmax = 380 nm) signiﬁcantly
overlaps with those of the Schiﬀ bases. Therefore, in
this paper the latter two forms of all-trans-retinal will
be considered as a single spectral product. Two types
of ‘‘pseudophotoproducts’’ with kmax at 470 and
380 nm that are formed by adding exogenous all-
trans-retinal to bovine disk membranes containing free
opsin (Hofmann, Pulvermu¨ller, Buczylko, Van Hoo-
ser, & Palczewski, 1992; Palczewski et al., 1994),
may correspond to frog P440 and unprotonated Schiﬀ
bases + free retinal, respectively.4.2. General description of pigment photoregeneration
from ‘‘indicator yellow’’
4.2.1. The source(s) of cis-chromophores
As seen from Fig. 4, the ﬁnal (photo)regenerated mix-
ture mainly consists of regenerated rhodopsin/isorho-
dopsin and the product whose spectral shape is
virtually identical to the spectrum of original ‘‘indicator
yellow.’’ It is true of both 465 and 380 nm exposure.
This means that, whatever is the primary source of cis-
chromophore(s) that further binds to the chromophoric
site, the remaining components always reach the same
thermal equilibrium state characteristic of ‘‘indicator
yellow.’’ The process of equilibration can be traced by
comparing T- and L-spectra.
Thus, the isomerizing 465 nm light is absorbed almost
exclusively by the protonated Schiﬀ base species (P440).
The unprotonated form and free all-trans-retinal that
absorb maximally in the range 365–380 nm, are virtually
unaﬀected. Correspondingly, the ﬁrst T-diﬀerence spec-
trum after photoisomerization exhibits a long-wave-
length absorbance loss and a small gain at 380 nm
(curve 1–0 in Fig. 1B). The loss is plausibly comprised
of a decrease in absorbance of P440 due to trans–cis
isomerization, plus the loss of rhodopsin left after the
ﬁrst bleach. The gain at 380 nm is due to formation of
metarhodopsin II (meta II) from bleached residual
rhodopsin.
In L-spectra, the contribution of T-oriented rhodop-
sin and meta II is minimized, so the recorded changes re-
ﬂect mostly processes in L-oriented ‘‘indicator yellow.’’
As expected, the isomerizing ﬂash leads to an immediate
loss of absorbance that is maximal at 440 nm (curve 1 in
Fig. 1C and diﬀerence curve 1–0 in Fig. 1D) and results
from the trans–cis isomerization of the protonated chro-
mophore. Further, in the course of regeneration, the
absorbance between 350 and 500 nm continues to
decrease. However, the maximum absorbance loss shifts
to 390–400 nm, and an absorbance gain becomes evident
above 500 nm (curves 2–1 and 3–1, Fig. 1D). The short-
wave displacement of the absorbance loss can be
explained by a progressive transfer of short wave
absorbing all-trans-retinal, free and possibly attached
to unprotonated Schiﬀ-bases, to P440 whose cis-chro-
mophore is consumed for rhodopsin regeneration. The
absorbance gain above 500 nm is due to the regenera-
tion of rhodopsin.
The 380-nm ﬂash mostly acts on the mixture of free
all-trans-retinal and its non-protonated Schiﬀ bases.
However, it is also slightly absorbed by protonated
Schiﬀ bases of all-trans-retinal (P440) as well (their con-
tribution to absorbance at 380 nm only comprises 3–5%
but reaches 20% at 400 nm where the 380-nm LED
still emits a substantial amount of light). Trans–cis isom-
erization of P440 together with the bleaching of rhodop-
sin left after the ﬁrst light exposure is probably
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from <380 to 410 nm (curve 1–0 in Fig. 5D). Further,
in the course of rhodopsin regeneration, all-trans-retinal
is released from P440 to replenish cis-isomers from
short-wave absorbing products. This accounts for the
further shift of the L-diﬀerence spectra to longer wave-
length (440–450 nm, curves 2–1, and 3–1 in Fig. 5D).
The progressive absorbance gain above 500 nm corre-
sponds to regenerated pigment. Whatever is the starting
point, the ﬁnal state is always the same.
4.2.2. Scheme of photoregeneration
Based on our ﬁndings, we propose a reaction
scheme for the processing of all-trans-retinoid complex-
es in rod outer segments containing substantial
amounts of ‘‘indicator yellow’’ after a 465-nm photo-
isomerizing ﬂash (Fig. 6). According to chemical assays
performed by Van Breugel et al. (1979), the majority of
all-trans-retinal in ‘‘indicator yellow’’ binds to non-spe-
ciﬁc sites on opsin forming N-retinylidene opsin
(NRO). Thus, only the reactions involving NRO are
included in the scheme; a minor fraction of N-retinylid-
ene phosphatidylethanolamine is omitted to avoid
confusion.
In darkness, protonated NRO is in pH-dependent
equilibrium with both its unprotonated form and free
all-trans-retinal (not shown in Fig. 6). Absorption of
465 nm light by NRO primarily leads to immediate
isomerization of all-trans-retinal to 11-cis- and 9-cis-
forms (bold wavy arrows in Fig. 6). Second photon hits
cause reverse isomerization (thin wavy arrows), so ﬁnal-
ly a photoequilibrium mixture of all-trans-, 11-cis-, and
9-cis-NRO is formed. Photoconversion of all-trans- to
cis-isomers is evidenced by absorbance loss at 440 nm
(Figs. 1A and C). Since cis-NRO is also in thermal equi-
librium with corresponding free cis-chromophores (reac-
tions within rectangles), dissociation of the cis-retinalsFig. 6. A simpliﬁed scheme of reactions occurring during photore-
generation of rhodopsin from ‘‘indicator yellow.’’ For clarity, only
photoregeneration reactions from protonated Schiﬀ bases of all-trans-
retinal and opsin (NRO) are shown. Photoreactions are indicated by
wavy arrows, and thermal reactions, by straight arrows. Thermal
equilibrium reactions between components of ‘‘indicator yellow’’
containing cis-isomers are enclosed in rectangles. Primary photoreac-
tions occurring upon the ﬁrst photon hit are shown in bold. RAL,
retinal. NRO, N-retinylidene opsin. Further explanations in the text.from non-speciﬁc sites results in their recombination
with native chromophore binding sites on opsin mole-
cules, thus restoring native visual pigment. Although
binding of retinal in NRO is reversible (thin arrows),
formation of rhodopsin and isorhodopsin is not (un-
ﬁlled arrows), so eventually all cis-isomers generated
by light become transferred to the native site on opsin.
Withdrawal of cis-isomers from NRO shifts thermal
equilibria between it, deprotonated NRO, and free all-
trans-retinal thus resulting in absorbance loss at
380 nm in the course of regeneration (Fig. 1B, Fig. 3).
Complete stable pigment regeneration is achieved after
30 min in darkness following photoisomerizing irradia-
tion, when entire light-generated cis-retinal binds to
the chromophoric site and all components of ‘‘indicator
yellow’’ reach thermal equilibrium.
The sequence of events after 380 nm isomerization
can be described with the same basic scheme if one
swaps NRO with NRO and RAL. However, there is
a subtle diﬀerence between photoreactions initiated by
either 465 or 380 nm light. The ﬁrst diﬀerence spectrum
after UV light absorption (curve 1–0 in Fig. 5B) demon-
strates in addition to absorbance loss at 380 nm some
absorbance gain at 475 nm. The long-wave absorbing
substance decays in 10 s (cf. curves 1–0 and 2–1, 3–1
in Fig. 5B). That means that it is neither instantaneously
photoregenerated rhodopsin (which would be stable)
nor meta I/meta III formed due to photolysis of 3%
residual rhodopsin left after initial bleaching. In contrast
to the transient 475-nm product, metarhodopsins in frog
persist for hundreds of seconds (Kolesnikov et al.,
2003). This product could be an isomeric form of retinal
that failed to ﬁt into the chromophore pocket on opsin
molecule and thus relaxes back to the all-trans-
conﬁguration.
As seen from Fig. 2, the photoregenerated pigment
consists of 91% of rhodopsin (11-cis-retinyl chromo-
phore) and possibly of 9% isorhodopsin (9-cis-retinyl
chromophore). Since no direct chemical analysis of the
ﬁnal products was performed, presence of other cis-iso-
mers cannot be excluded. However, 7-cis, 7-9-dicis, and
9-11-dicis-retinals produce visual pigments whose absor-
bance maxima are further blue-shifted compared to iso-
rhodopsin (De Grip, Liu, Ramamurthy, & Asato, 1976;
Loppnow et al., 1990; Shichida et al., 1988). Hence, if
these isomers were present, they would comprise even
less than 9% estimated for isorhodopsin to account for
the observed small blue shift of the photoregenerated
pigment. It is obvious that photoisomerization of all-
trans-retinal in ‘‘indicator yellow’’ greatly favors gener-
ation of 11-cis- vs. other cis-isomers. The slight diﬀer-
ence in the photoregeneration eﬃciencies after 465 and
380 nm isomerizations probably results from diﬀerent
properties of protonated and unprotonated Schiﬀ bases
of all-trans-retinal and/or their absorbances at these
wavelengths.
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opsin, which is similar after 465 and 380 nm isomeriza-
tion, does not strictly follow single-exponential kinetics
(Fig. 2). Here, we choose the single-exponential ﬁt just
to obtain a characteristic time of the reaction. One
might argue that the reaction of retinal with opsin is
essentially bimolecular. However, the experimental
points cannot be ﬁtted by a simple bimolecular kinetics
either (data not shown). Neither is it ﬁtted by a two-step
scheme as proposed by Henselman and Cusanovich
(1976) for the recombination in vitro. A two-step
scheme would predict a delay followed by a faster phase
while we ﬁnd a fast initial phase followed by a slower
exponent. Since P440 and 380 nm absorbing compo-
nents of ‘‘indicator yellow’’ are clearly non-homoge-
nous, it is possible that the observed time course can
be accounted for by the existence of several parallel
pathways of recombination starting from diﬀerent prod-
ucts. However, further speculations would be futile
without direct experimental evidence.
4.3. Rate-limiting stage(s) in visual cycle
The visual pigment cycle starts from photoactivation
of rhodopsin, and is completed when 11-cis-retinal from
the RPE recombines with opsin and restores the visual
pigment. It represents a series of consecutive reactions
where each of the steps generates a substrate to the next
one (Lamb & Pugh, 2004). In a sense, every reaction is
critical for the integrity of the cycle, so any step can be-
come rate-limiting in experimental or pathological situ-
ations. Yet it is unknown which step limits the speed of
operation of the cycle under normal conditions. At pres-
ent, two reactions have been suggested for the rate-lim-
iting step.
Saari, Garwin, Van Hooser, and Palczewski (1998)
have found that in mouse eye the formation of all-
trans-retinal is not accompanied by the accumulation
of a substantial amount of all-trans-retinol. Their inter-
pretation was that all-trans-retinal is reduced slowly and
newly formed all-trans-retinol is promptly used to pro-
duce 11-cis-retinal for the regeneration of rhodopsin.
So they concluded that the rate-limiting step in the visu-
al cycle in mouse eye is the reduction of all-trans-retinal
by RDH. On the other hand, Lamb and Pugh (2004) ar-
gue that it is the delivery of 11-cis-retinal from the RPE
to opsin in the outer segment that controls the rate of
rhodopsin regeneration and dark adaptation.
Lack of information about the kinetics of recombi-
nant reaction in vivo raises a possibility that it could
be the rate-limiting step. Actually, it is hard to exactly
deﬁne the starting point of the reaction because it has
been supposed that the transfer of 11-cis-retinal to the
chromophore binding site is a multi-step process that
may involve, e.g., non-covalent binding to speciﬁc sites
on opsin (Kefalov, Crouch, & Cornwall, 2001; Scha¨delet al., 2003). If the natural regeneration pathway is con-
sidered, it almost certainly includes, as an intermediate
step, transfer of 11-cis-retinal to the phospholipid phase
of the photoreceptor membrane. The pathway we initi-
ate with photoisomerization involves, in addition, a pre-
liminary step of release of retinal mostly covalently
bound in ‘‘indicator yellow.’’ Thus, the kinetics found
here may underestimate the speed of recombination.
In this and a previous paper (Kolesnikov et al., 2003),
we have characterized the kinetics of all slow reactions
of the visual cycle occurring in amphibian rods. We have
concluded that neither the time course of metarhodop-
sins decay nor the kinetics of rhodopsin regeneration
is described by a single-exponential function. Therefore,
here we use the half-time of the reaction as a purely
empirical parameter to compare various steps of the
visual cycle. Previously, we have shown that the decay
of metarhodopsins that releases the chromophore bind-
ing site on opsin and produces the substrate for RDH,
all-trans-retinal, proceeds in the rods of R. temporaria
with a half-time of roughly 4.5 min. The next step, enzy-
matic reduction of all-trans-retinal to all-trans-retinol,
occurs fast enough to be limited by the availability of
the substrate (Kolesnikov et al., 2003) so it is not rate-
limiting, itself. Here, we show that the regeneration of
rhodopsin from ‘‘photoinjected’’ 11-cis-retinal proceeds
with a time constant of 3.5 min corresponding to a
half-time of 2.5 min (Fig. 2) which, as said above, may
underestimate the speed of recombination. Thus, the
two characteristic times, (1) of production of the sub-
strates of the visual cycle in ROS after bleaching and,
(2) the reaction that recombines 11-cis-retinal and opsin,
are substantially shorter than the half-time of rhodopsin
regeneration in a whole frog eye (14 min, accordingly
to Reuter, 1964). This means that the rate-limiting
step(s) of the visual cycle in frog rods lies outside the
photoreceptor membrane. It may be either at the stage
of retinoid processing within the RPE cells, or at the
stage of chromophore delivery to/from the RPE that
includes transfer of 11-cis-retinal across the plasma
membrane and to the disk membranes, e.g., as suggested
by Lamb and Pugh (2004).
4.4. Possible physiological role of photoregeneration of
rhodopsin from ‘‘indicator yellow’’
‘‘Indicator yellow’’ in vertebrate rods could be con-
sidered as a functional analog of retinochrome, as char-
acterized in mollusks (Hara, Hara, Tokunaga, &
Yoshizawa, 1981). Retinochrome binds all-trans-retinal
and, upon absorption of light, converts it into the 11-
cis-form, thus providing chromophore for rhodopsin
regeneration. A protein with similar function, RGR,
has also been found in vertebrate retinal pigment epithe-
lium (Chen et al., 2001), though its role in the visual cy-
cle has been questioned (Maeda et al., 2003). Can
1674 A.V. Kolesnikov et al. / Vision Research 46 (2006) 1665–1675‘‘indicator yellow’’ serve the same purpose inside verte-
brate photoreceptors? We believe that this is unlikely,
since photoregeneration of 11-cis-retinal from the all-
trans- form cannot be eﬃcient under normal physiolog-
ical conditions. ‘‘Indicator yellow’’ is only accumulated
in a signiﬁcant amount in physiologically ‘‘dead’’ cells
where retinal-to-retinol reduction is blocked (Kolesni-
kov et al., 2003). Besides, its visible-light absorbing
form, P440, is formed at acidic pH while at physiological
pH it mostly exists in its UV absorbing form. Neverthe-
less, one can speculate that photoregeneration from ‘‘in-
dicator yellow’’ could account for a non-zero amount of
rhodopsin regeneration in experimental or pathological
conditions when the normal biochemical pathway of
regeneration is completely blocked.Acknowledgments
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